In this study, we evaluated the effect of hyperthermia on hemagible for allogeneic bone marrow transplantation. Survival for topoietic progenitors from six chronic myeloid leukemia (CML) patients treated with an autotransplant has been suggested to bone marrow (BM) samples at diagnosis and four peripheral be prolonged as compared to patients treated with standard blood stem cell (PBSC) samples from CML patients after stem therapy. 4 when CFU-GMs derived from bone marrow samples of Keywords: CML; purging; hyperthermia; RT-PCR; FISH patients with AML were proven to be more sensitive than CFU-GMs from control samples. 16 Recently Philadelphia chromosome (Ph) positive cell lines have been shown to be Introduction more sensitive to hyperthermia than peripheral blood mononuclear cells obtained from healthy volunteers. 17 In addition, Chronic myeloid leukemia (CML) is characterized by the CML patient-derived BM samples showed a small, although fusion of the bcr and the abl proto-oncogenes. 1 The protein not significant, higher sensitivity towards thermic treatment as product (p210) of the bcr-abl gene interacts with the signal compared to their normal counterparts. 18 Taken together these transduction machinery resulting in malignant transformation results underline the rationale for exploring hyperthermia as of the cell.
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2 Chemotherapeutic suppression of the leukemic a purging modality in CML. In this study we investigated the clone is possible but the molecular progression of the tumor effect of hyperthermia on CD34-positive cells, obtained from cells is not halted and eventually results in transformation to CML patients at diagnosis and from CML patients after stem the blastic phase. Allogeneic bone marrow transplantation is cell mobilization. The results were compared with the thermal a potentially curative treatment, but only a minority of the sensitivity of control samples obtained from the bone marrow patients is eligible and has a suitable donor. 3 of healthy volunteers and from nonhematologic patients after Autologous stem cell reinfusion can be considered as an stem cell mobilization. The cells were analyzed with two difexperimental therapy for those CML patients who are not eliferent assays: the CFU-GM assay and the LTCIC assay which detects more primitive progenitors. The results of the clonogenic assays showed that CML progenitors are more sensitive 
Patients, methods and materials
Progenitor and stem cell assays CFU-GM: CD34-positive cells were cultured in semisolid
Patients and cell processing medium in the presence of 5% human placenta conditioned medium (HPCM) 10 and 10% FCS (Gibco, Grand Island, NY, Bone marrow was sampled from six newly diagnosed, USA). Cultures wre incubated at 37°C in 5% CO 2 . The cells untreated, Ph-positive patients in chronic phase (patient were plated at four different concentrations: 500, 1000, 5000 characteristics are listed in Table 1 ). The samples from UPN and 10 000 CD34-positive cells per ml CFU-GM medium, in (unique patient number) 1006, 1054, 1055 and 1288 were triplicate to optimize colony density for quantification and obtained from CML patients via leukapheresis after induction colony harvesting. The use of CD34-positive cells enabled chemotherapy and administration of granulocyte colonyprecise measurement of progenitor cell kill since assays were stimulating factor (G-CSF, Filgrastim; Amgen, Breda, The not disturbed by toxic products probably released from nonNetherlands). The cells from UPN 1006 were processed after relevant killed cells as would be the case with the use of cryopreservation and thawing. Bone marrow aspirates were mononuclear cells. Colonies (Ͼ40 cells) and clusters (8-40 obtained from five healthy volunteers and four samples were cells) were counted at day 12 and colonies were plucked at obtained from leukapheresis products from four patients with random from different cultures with a vacuum capillary nonhematologic malignancy after stem cell mobilization. All system. The average colony size was about 500 cells. samples were obtained after informed consent.
Mononuclear cells were isolated from the samples by Ficoll-Paque (Pharmacia, Uppsala, Sweden) density gradient LTCIC:
The LTCIC assay was performed as described by centrifugation (␦ = 1.077 g/cm 3 ). Remaining red cells were Sutherland et al. 20 Human bone marrow cultures were lysed with ammonium-chloride. CD34-positive cells were isoinitiated with samples obtained from healthy volunteers in lated using the MiniMacs system (Miltenyi Biotec, Bergisch LTBMC medium: 21 alpha medium supplemented with 12.5% Gladbach, Germany) according to the instructions of the horse serum, 12.5% fetal calf serum, 10 −4 m ␤-mercaptomanufacturer. After two consecutive passages over two ethanol, 10 −6 m hydrocortisone sodium succinate, glutamine, separation columns, purity was always more than 90% as penicillin and streptomycin (all obtained from Gibco). After 2 determined by FACS analysis.
weeks of culturing at 37°C in 5% CO 2 the adherent cells were harvested using trypsin (Gibco), irradiated with 13 Gy ( 60 Co) and plated in 96-well plates (Costar, Cambridge, MA, USA) at Hyperthermia 1.25 × 10 −4 cells in 200 l LTBMC medium. After 2 to 7 days of culturing CD34-positive cells were plated on top of the stromal cell layer and underwent a weekly half medium change. The CD34-positive cells, at a concentration of 1 × 10 6 cells/ml, were immersed in a precision waterbath After 5 weeks the nonadherent and adherent cells were harvested using trypsin and the CFU-GM capacity of cells was (Lauda M12; Lauda, Lauda-Koningshofen, Germany) in CFU-GM and long-term bone marrow culture (LTBMC) medium determined as decribed above. The linearity between input CD34-positive cells and CFU-GM output of LTCICs was (for composition see Progenitor assays below) at the desired temperature (37, 42 or 43°C ± 0.1°C) for 120 min. Temperadetermined: long-term cultures initiated with different concentrations of CD34-positive cells (ranging from 1000 to 20 000 tures were chosen from relevant literature, 14, 15 being the most often applied in related research. After treatment cells were per well) were harvested and plated in the CFU-GM assay, each at three different concentrations in triplicate. In addition placed on ice. Cells incubated in the LTBMC medium were counted before plating in the LTCIC assay at the desired confor some samples the frequency of the LTCIC cells (number of LTCICs per CD34-positive cell) was determined with the centrations. The effect of 2 h pre-incubation at 37°C itself was determined by comparison with results obtained of cells limiting dilution assay. CD34-positive cells were plated at concentrations of 50, 150, 500 and 1000 cells per well. After plated directly in the CFU-GM assay: no significant differences were detected (data not shown).
culturing for 5 weeks the cells were harvested using trypsin and were subsequently plated in the CFU-GM assay and so that amplification of genomic sequences could be distinguished by size. 26 Strict measures were taken to avoid conscored after 2 weeks for ± results. The LTCIC frequencies were determined with Poisson statistics. 20 Combination of LTCICtamination. All experiments included water blanks as negative controls. The Ph-positive K562 cell line was used as a positive derived CFU-GM output per CD34
+ cell with the frequency of LTCIC per CD34
+ cell leads to the CFU-GM output/single control. In each experiment a serial dilution of K562 cDNA was included to assess the sensitivity of the RT-PCR and the LTCIC:
relative sensitivity of the bcr-abl and abl RT-PCRs.
Molecular analysis
Results Interphase-FISH (I-FISH) was performed as described before. 22 Briefly, cells derived from a single colony were put onto a glass slide, fixed in 70% ethanol and dipped in a 0.1% gelaEffect of hyperthermia on the CFU-GM and LTCIC tine (Sigma, St Louis, MO, USA) solution 23 incubated with capacity 0.1 mg/ml RNAse A (Boehringer Mannheim, Mannheim, Germany) followed by 0.01% pepsin (Sigma). After postfixation with paraformaldehyde the slides were dehydrated and The effect of hyperthermia on the clonogenic capacity of bone marrow-derived CD34-positive cells from six CML patients denatured at 72°C in 70% formamide (Baker, Deventer, The Netherlands). Cosmids bcr 51 and abl 18 (a kind gift from Dr samples was measured with the CFU-GM assay (Table 2) . After incubation of the cells for 2 h at 42 and 43°C, clonal G Grosveld and Dr A Hagemeijer, Erasmus University, Rotterdam, The Netherlands) were labeled by nick-translation with capacity was reduced to 17 and 2.9%, respectively, as compared to 37°C. CD34-positive cells, isolated from bone mardigoxigenin-11-dUTP (Boehringer Mannheim) and biotin-14-dATP (Gibco), respectively. 24 Fifteen ng of each probe was row aspirates of healthy volunteers and treated in a similar way as the CML samples, showed less reduction to 35 and mixed with a 100-fold excess of Hu-cot-1 DNA (Gibco) in 50% formamide, 2 × SSC and 10% dextran-sulphate (Sigma).
7.5% after treatment at 42 and 43°C, respectively. The effects of hyperthermia on the CFU-GM capacity of This solution was denatured at 74°C for 4 min, cooled on ice and incubated at 37°C for 2 h and subsequently layered onto PBSCs showed no differences between CML and control samples: a reduction to 62% for the CML samples and a the slides and sealed with rubber cement. After an overnight hybridization at 37°C the cells were washed at 40°C with 55% reduction to 57% for the control samples was observed after treatment at 42°C. formamide in 2 × SSC, followed by 0.1 × SSC at 60°C. The digoxigenin-labeled probe was detected with anti-digoxi-
The LTCIC-derived CFU-GM output/CD34-positive cell of the bone marrow samples was also reduced after hyperthergenin-rhodamine (Boehringer Mannheim) followed by Texas red-conjugated donkey anti-sheep (Jacksons Immunoresearch, mia although to a lesser extent as compared to the reduction at the CFU-GM level: after 2 h at 42 and 43°C a reduction to West Grove, PA, USA). The biotin-labeled probe was detected with fluorescein avidin DN (Vector Laboratories, Burlingame, 59 and 42%, respectively was found (see Table 2 ). In contrast, three bone marrow samples from healthy volunteers showed CA, USA) followed by biotinylated anti-avidin (Vector Laboratories) and fluorescein avidin DN (Vector Laboratories). no reduction after incubation at 42°C. Instead, a stimulation was observed in two of these cases. In these samples, After dehydration slides were embedded using Vectashield (Vector Laboratories) containing 0.1 g/ml dapi (Sigma).
reduction after incubation at 43°C, if present, was considerably less than for the average CML sample. Samples were scored with an Axioskop 50 (Carl Zeiss, Hena, Germany) using a triple band pass filter (Omega Optical,
The LTCIC-derived CFU-GM output/CD34-positive cell of the PBSC samples showed a reduction for the CML samples Brattleboro, VT, USA). Nuclei were scored positive for the bcrabl gene when a green and a red spot were less than one spot to 29% whereas similar to the results with the bone marrow samples, the two controls showed no reduction, after treatdiameter apart. A colony was scored when at least 10 nuclei could be evaluated. More than 90% of the evaluable nuclei ment at 42°C. Statistical analysis indicates a significant (Student's t-test, of a single colony should generate the same (either + or −) result, otherwise a colony was considered to be not evaluable. P Ͻ 0.05) increased thermal sensitivity for the bone marrowderived CML samples both at the CFU-GM and at the LTCIC About 100 nuclei per colony were evaluable.
RT-PCR was performed as described before. 22 Briefly, cells level after treatment at 42°C as compared to the control group. For the PBSCs this difference was significant only at the derived from a single colony were dissolved in GTC-buffer. Total RNA was isolated using the acid guanidinium-phenol-LTCIC level.
In addition three CML samples (two PBSCs samples and one chloroform (AGPC) method. 25 Twenty micrograms glycogen (Boehringer Mannheim) was used as carrier during precipibone marrow sample), and two control PBSCs samples were analyzed with the LTCIC assay at limiting dilution (Table 3) . tations. After annealing of the anti-sense primer, cDNA was synthesized and amplified in a nested PCR. The PCR products
Comparing the PBSC samples; the number of LTCICs/CD34 + cell was reduced to 29% for the CML samples after treatment were size fractionated on a 2% agarose gel and transferred to a nylon membrane (Genescreenplus; DuPont, Boston, MA, at 42°C whereas the controls showed no reduction. As shown before, the number of LTCIC-derived CFU-GMs/CD34 + cell USA). The specificity of the amplimers was determined after hybridization with 32 P-labeled internal oligonucleotide for these CML samples were reduced to 40% after treatment at 42°C whereas the controls showed no reduction. The com-9: (5′-GGGGTCATTTTCACTGGGTCCAGCGAGAAGGT-3′) followed by autoradiography. The abl gene is ubiquitously bination of these two observations indicate that the number of CFU-GMs generated by one LTCIC increases both for the expressed and the abl RT-PCR serves as a control for quality of the RNA isolation, cDNA synthesis and PCR amplification.
CML and the control samples. More observations are awaited however before firm statements can be made. All primer pairs were positioned across intron exon borders The effect of hyperthermia on three CML patient-derived samples is shown. LTCIC frequency (LTCIC/CD34-positive cell) and output (CFU-GM/CD34-positive cell and CFU-GM/LTCIC) are measured according to the Materials and methods using the limiting dilution assay. UPN 851), FISH (UPN 812, 903, 976, 1006 , effect was observed, both at the CFU-GM and LTCIC level although the number of colonies analyzed was rather small. 1054, 1055, 1065 and 1228), or with both techniques combined on the same colonies (UPN 851 and 1006) . In a previous study we have analyzed 160 colonies pairwise with both RT-PCR and FISH. 22 The results in that study indicated Discussion that all I-FISH-positive colonies harbored detectable amounts of bcr-abl mRNA although often repeated RT-PCR analysis
The rationale for eliminating residual malignant cells from a CML autograft directed our research efforts to hyperthermia as was necessary. Moreover, paired analysis of 27 colonies derived from six bcr-abl-negative control samples showed the purging modality. Thus far, data on the increased sensitivity of CML progenitors to hyperthermia are restricted to cell only double-negative colonies. 22 For the present study, 54 colonies were analyzed both with FISH and RT-PCR. Twenty-two lines 17 and CFU-GM data. 18 The present study is the first evaluation of the effect of hyperthermia on CML-derived prowere negative both with FISH and RT-PCR, 28 were positive with both techniques and four colonies were positive with genitors on the CFU-GM and LTCIC capacity combined with the molecular analysis of individual colonies derived from FISH but negative with RT-PCR (see Figure 1 ). In agreement with our previous study, RT-PCR turned positive after repeated both these assays. The readouts of the CFU-GM assays show that bone maranalysis of the cDNA of these colonies. In total 804 colonies were analyzed with FISH and/or RT-PCR.
row-derived CML progenitors have a significant higher sensitivity towards thermic treatment at 42°C as compared to their The molecular analysis of the bone marrow samples at diagnosis (Table 4) showed that UPN 812 and 976, with the highnormal counterparts. However, this was not observed using PBSCs. At the LTCIC level however, both the CML bone marest leukocyte numbers at diagnosis (Table 1) , harbored only bcr-abl-positive colonies even after hyperthermia. However, row samples and the PBSCs showed a significant higher sensitivity towards thermic treatment at 42°C, as compared to the UPN 821, 851, 903 and 1065, with much lower leukocyte numbers at diagnosis, harbored mixtures of bcr-abl-positive control samples. The molecular analysis of individual colonies substantiated and negative CFU-GM and LTCIC-derived colonies. In these samples an increase in the percentage of bcr-abl-negative colthe differential effects found with the clonogenic assays. Bone marrow samples of patients with a low leukocyte number at onies could be observed after hyperthermic treatment, either at the CFU-GM level, the LTCIC level or both (Table 4) . Interdiagnosis harbored a mixture of bcr-abl-negative and positive colonies and a purging effect of hyperthermia was observed. estingly, the LTCIC-derived colonies from UPN 821 and 1065 were almost exclusively bcr-abl-negative even without therUp to a 17-fold increase in the percentage of bcr-abl-negative progenitors could be achieved after hyperthermia. Patients mic treatment. Of the four samples obtained via leukapheresis after chemotherapy and G-CSF one sample (UPN 1054) harbwith a high leukocyte count at diagnosis, however, appeared to contain only malignant progenitors and are apparently in ored bcr-abl-positive progenitors only. Three samples (UPN 1006, 1055 and 1228) contained a mixture of bcr-abl-positive a more advanced stage of the disease. Molecular analysis of mobilized peripheral blood progenitors are inconclusive since and negative colonies. Interestingly, similar to the bone marrow samples PBSC samples from patients with a low leukocyte a purging effect was observed in two (UPN 1006 and 1288) and an inverse effect in another (UPN 1055). Taken together number at diagnosis harbored a mixture of bcr-abl-positive an increase of bcr-abl-negative progenitors in six out of seven samples could be demonstrated. It can be hypothesized that shifts in the percentage of bcrabl-positive and negative colonies should correlate with the results of the clonogenic assays. In this respect several discrepancies exist however, for example UPN 1065 showed an increased sensitivity towards thermic treatment at the LTCIC level as compared to the normal controls (Table 2) whereas with the molecular analysis only bcr-abl-negative colonies could be demonstrated (Table 4) . Moreover, UPN 1055 showed a high sensitivity towards thermic treatment as compared to the control samples but an increase in the number of bcr-abl-positive colonies was demonstrated. To account for such discrepancies the presence of a Ph-negative but clonal cell with increased hyperthermic sensitivity as compared to the CML cells could be hypothesized. In the case of UPN in this case was unsuccessful since no abl signal was generated. Lanes 4, 5, 7 and 9 show double-negative colonies.
Sensitivity to hyperthermia has been shown to correlate with proliferative activity, 27 which is often increased in maligproteins might confer protection against for example oxidative stress during ex vivo culturing thus delivering growth nant cells. Increased cycling of especially primitive progenitors in CML as compared to control samples has been demonadvantage. [38] [39] [40] It is concluded that CML progenitors are more sensitive to strated. 28 In how far proliferative activity might explain the found hypersensitivity towards thermic treatment of CML prohyperthermia than control cells especially at the LTCIC level.
Further experiments should focus on increasing the differential genitors has to be awaited since controversy exists with regard to the proliferative status in CML-derived stem cells. 29, 30 effectof hyperthermia on CML and control cells by exploring the combination of hyperthermia with other purging Interestingly, both for the CML (P Ͻ 0.05, Student's t-test) and the control samples sensitivity at the CFU-GM level modalities such as application of interferon-alpha 17 or goralatide (tetrapeptide AcSDKP). 27 towards thermic treatment was less for the PBSCs as compared to the bone marrow samples. In contrast at the LTCIC level, both for the CML and the control samples sensitivity towards thermic treatment was increased in the PBSCs as compared to References the bone marrow samples. In this respect is of great interest that both reduced cell cycling 31,32 and increased cell cycling 
